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Marangoni 效应的影响不可忽略，对于可形变界面中的 Marangoni 效应，界面形

















The Marangoni effect induced by mass transfer in two-dimensional and three-
dimensional models was compared by the numerical simulation. The instability of 
Marangoni effect in the plat interface and spherical interface was studied respectively 
by the three-dimensional numerical simulation. 
Firstly, Marangoni effect induced by mass transfer process in the acetone-toluene-
water droplet was studied, and results of two-dimensional and three-dimensional 
models were compared. Comparing with experimental results, it showed that the 
Marangoni effect is a phenomenon occurred in a three-dimensional space. It is not 
reasonable to simplify this three-dimensional phenomenon to a two-dimensional 
phenomenon. For liquid droplets with different initial acetone concentration, the higher 
initial concentration was corresponding to the shorter critical time of the Marangoni 
convection induced and the stronger intensity of the Marangoni effect. For evolution of 
the Marangoni convection in the mass transfer process, it can be divided into four stages: 
initial, trigging, stable and decaying stage. 
Secondly, instability of the Marangoni effect in the three-dimensional plat 
interface was studied, and the influence of the perturbation on the Marangoni effect 
during mass transfer process was investigated. The perturbation mode had no effect on 
the initial mass transfer rate, but it was closely related to the concentration field of the 
initial Marangoni convection. The interfacial average concentration, interface average 
velocity and standard deviation of the interface average concentration tended to be 
consistent regardless of the perturbation mode finally. It also showed that the 
perturbation influenced the shape and evolution of the initial Marangoni convection. 
The perturbation promoted the occurrence of the Marangoni convection, but it had no 
effect on the final concentration field. At the same time, the influence of the wave 
number in the double period perturbation was investigated. The larger the wave number 















the maximum velocity was. 
Finally, instability of the Marangoni effect in the three-dimensional sphere 
interface was studied. The perturbation affected the shape and evolution of the initial 
Marangoni convection, and promoted the occurrence of the Marangoni convection, but 
had no effect on the final concentration field for both the flat interface and the sphere 
interface. The difference between the spherical interface and flat interface was that the 
spherical interface did not appear the concentration field corresponding to the period 
perturbation. Therefore, it cannot develop into a paired cell structure with the period 
perturbation. Due to the curved interface, diffusion were through the spherical interface 
even if a stable concentration field existed, it cannot maintain a stable structure of the 
concentration field. Therefore, the influence of interface shape on the Marangoni effect 
cannot be neglected. For the Marangoni effect in the deformable interface, the influence 
of the interface shape on the Marangoni effect must be taken into account. 
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 Marangoni 效应产生的原理 
在两相传质的相界面处，由于质量、热量或者质量与热量的传递，常常会使
界面结构发生变化，并在界面产生有对流运动的界面湍动。这种对流是由于在界




Marangoni 对流。而后在 1865~1871 年，Marangoni 在有关著作[3, 4]中描述了界面
流动现象，故以后这种界面流动现象被称为 Marangoni 现象。在表面张力梯度作
用下诱发的流体力学不稳定性而产生的对流，称作 Marangoni 对流。界面对流所
形成的对流细胞 (cell) 结构，称为 Marangoni 对流胞。界面对流会使相际的传递
过程得到强化。这种由于出现 Marangoni 现象而对传质过程产生的作用称为传质




过 60 年。Marangoni 效应的研究有望进一步探讨相间传质的机理。 
 Marangoni 效应的实验观测 
Marangoni 效应的观测可以通过光学设备拍照来捕捉，例如 Schlieren 技术[5, 
6]，粒子图像测速 (particle image velocimetry) [7, 8]，以及实时全息干涉法 (real time 



































                   (a)六边形               (b)滚筒状 
图 1-1 实验观测的 Marangoni 对流结构 
Fig.1-1 Experimental observation of Marangoni convection 
 
一些传统的传热过程中，比如蒸发、冷凝等，在相变的过程中由于吸热或者
放热，在相界面处也会产生温度的变化，从而引发 Marangoni 对流。Li 和 Yoda[16]
通过 PIV法研究了厚为 0.31cm的二元混合物液膜蒸发过程中的Marangoni对流，
他们将流动区域分为两个区，由溶质毛细管控制的流动和由热毛细管控制的流动。
















利用数值模拟的方法分别研究了溶质 Marangoni 效应和热 Marangoni 效应在正庚
烷/乙醚混合物蒸发过程中的影响。结果表明，在正庚烷/乙醚体系中，热Marangoni
效应远大于溶质 Marangoni 效应，因此传质过程中的热 Marangoni 效应不可忽视。




高蒸发速率，还需要由蒸发潜热产生的 Marangoni 效应。 
 
 
图 1-2 咖啡环现象 




响。因此，传质过程中引发的 Marangoni 效应吸引了许多学者的关注。Zheng 等
[21]研究了乙酸丙酯-乙酸-水体系中的 Marangoni 对流，考察了液滴直径和连续相
中初始溶质浓度对于传质过程的影响。结果表明，随着液滴尺寸的减小，传质增
强，且存在一个最合适的乙酸浓度为 0.15g/mL，这揭露了 Marangoni 效应中速度
























验证明当 Marangoni 效应与 Rayleigh 效应同时存在时，两者会发生耦合作用，














Experiment in Space) 从 2008 年 8 月 22 日开始，作为 ISS 日本实验模块“KIBO”
的第一次科学实验。在 2008 年和 2009 年分别进行了两个系列的实验，MEIS-1
和MEIS-2。在这些实验中可以实现的液桥的最大尺寸为直径 30mm和长度 60mm，























 Marangoni 效应的数值模拟 
    通过实验的观测，很难去获得发生 Marangoni 效应时浓度场和速度场的分布。
随着计算机计算能力的发展，数值模拟成为了一种有效的手段来研究 Marangoni
效应的机理以及 Marangoni 效应对传质过程的影响。 
温度和浓度的梯度导致了局部的表面张力梯度，进而引发 Marangoni 效应。
热引发的 Marangoni 效应，也称为热毛细管不稳定性，已经被广泛的研究。溶质







流。Mao 和 Chen[33]的数值模拟表明只有浓度边界层达到一定厚度，Marangoni 效










































Navier-Stokes 方程，例如离散格子玻尔兹曼方法(lattice Boltzmann method)[42]，相
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